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Research in coal l iquefac t ion  c a t a l y s i s  has centered on inexpensive o r  disposable 
heterogeneous c a t a l y s t s ,  usua l ly  na tu ra l ly  occurring minerals cons is t ing  of a metall ic 
s u l f i d e  such as  p y r i t e ,  o r  heterogeneous recoverable c a t a l y s t s  cons is t ing  of a 
t r a n s i t i o n  metal on an ac id  s u p p o r t  such as s i l i c a  or alumina, which i s  generally 
presulfided before  use. These c a t a l y s t s  have been t e s t ed  almost exc lus ive ly  with 
bituniinous coa l s ,  w i t h  l i t t l e  emphasis addressing LRC's s p e c i f i c  proper t ies ,  such as 
high r eac t iv i ty  and oxygen func t iona l i t y ,  s u l f u r  def ic iency ,  and smaller molecular size.  
Only recent ly  has i t  been proposed t h a t  in many, i f  not a l l ,  of these  systems t h a t  the 
c a t a l y t i c  e f f ec t  i s  due la rge ly  t o  the  s u l f u r  r a the r  than the me ta l l i c  species.  

For ins tance ,  p resu l f id ing  metal oxide hydrogenation c a t a l y s t s  has long been known 
t o  enhance l iquefac t ion  y i e lds .  Hcwever, t he  reason(s )  f o r  t h e  enhancement i s  unclear. 
Tanabe (1) has ascr ibed  the  r e s u l t s  t o  a p a r t i a l  conversion of t he  metal oxides to  metal 
s u l f i d e s ,  affording mixed su l f ide-oxides  as more a c t i v e  c a t a l y s t s .  However, during 
hydrogenation in the presence of presu l f ided  Ca ta lys t s ,  hydrogen su l f ide  i s  evolved in 
such quan t i t i e s  t h a t  spec ia l  precautions must be observed when venting the  gases from 
such reaction mixtures t o  prevent t ox ic  H S from escaping ( 2 ) .  Moroni (3 ,4 )  claims t o  
have ind i r ec t  evidence t h a t  gaseous H S i <  not pa r t i c ipa t ing  in the  reductions of coal 
s ince  added i ron  oxides which ord inarq ly  t r a p  H S do not lower l iquefac t ion  y i e lds .  
H S can replace OH groups on a lcohols  ( 5 ,  6 )  an8 reac t  with CO t o  form COS + H 2  (7), 
w6ich has been shown t o  be benef ic ia l  t o  coal conversion. 

RESULTS A N D  DISCUSSION 

We have observed t h a t  H S i s  a f i n e  reducing agent f o r  bibenzyl (Table l ) ,  
diphenylmethane (Table 2 ) ,  a id  diphenyl su l f ide  (Table 3) .*  The data of Tables 1-3 imply 
t h a t  chemical reac t ions  of H,,S a r e  of nore than one type. 
hydrocracking abi 1 i t y  as evibenced by the  conversion of bibenzyl toLbenzene and toluene. 
Furthermore i t  b e t t e r  accomplishes the  reductiori than pure H,, as i l l u s t r a t e d  by the 
conversions in Table 1. A s imi l a r  l e s s  dramatic e f f e c t  i s  ebident in the  reactions of 
diphenylmethane of Table 2 .  

bibenzyl reactqons o f  Table 1 requi res  t h a t  hydrogen be t r ans fe r r ed  from H,S t o  the 
products as  they a r e  forming. 
toge ther  with the  H S hydrogen donation reac t ion  gives tips t h e  overa l l  ro le  of a 
hydrogen t r ans fe r  a?jent. 

F i r s t ,  H A  shows 

Second, H S appears t o  be a hydrogen donor. The remarkable stoichiometry of the 

Since a t  425"C, reac t ion  1 i s  known t o  be obera t iona l ,  i t  

H 2  + S H2S (1) 

Third,  H S can form aromatic-sulfur bonds implying s u l f u r  can a t t ack  aromatic 
r ings ,  c f .  Tagle 2 .  
i n  equimolar quan t i t i e s  t o  Zcluene. 
reac t ion .  

When H S i s  reacted w i t h  diphenylmethane a t  425"C, thiophenol forms 
An intermediate of type ( I )  i s  p laus ib le  f o r  t h i s  

I 
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Four th,  a l t hough  o u r  da ta  does n o t  d i r e c t l y  demonstrate t h e  e x i s t e n c e  of r e a c t i o n  
2, i t s  ex i s tence  has been documented a t  l i q u e f a c t i o n  temperatures ( 6 ) .  A second source 
O f  e lementa l  s u l f u r  i s  r e a c t i o n  3. 
l i q u e f a c t i o n  Cond i t i ons  ( 9 ) .  The v a r i o u s  forms o f  e lementa l  s u l f u r ,  S , a r e  expected t o  
e x h i b i t  hydrogen a b s t r a c t i o n  a b i l i t y ,  c f .  r e a c t i o n  4. T h i s  t y p e  r e a c t f o n  appears t o  
b e s t  account f o r  t h e  a b i l i t y  o f  s u l f u r  t o  r a p i d l y  demethy late N ,N-d ime thy lan i l i ne  i n  
reduc ing  atmospheres a t  425°C (10) and d i m e r i z e  diphenylmethane a t  425°C i n  t h e  presence 
o f  s u l f u r .  

Hence, e lementa l  s u l f u r  may have a r o l e  i n  t h e  

450°C 
2H2S - 2H2 + S2 
2R + H2S - 2HR + S ( 3 )  

RH f Sx - R f SxH (4) 

The observed r e d u c t i o n  c a p a c i t y  o f  H S can be a t t r i b u t e d  t o  i t s  m i d d l e  range bond 
d i s s o c i a t i o n  energy o f  H S ( 9 ) .  
of most CH bonds, whereag those  o f  H2S were n e a r l y  t h e  same. The g p p r o p r i a t e  bond 
d i s s o c i a t i o n  energ ies are:  

The b o n d * d i s s o c i a t i o n  energy o f  H i s  g r e a t e r  t h a n  t h a t  

H2S - H + SH H = 93 kcal /mole,  

S H + H  + S H = 83 kcal /mole,  and 

H2 --i- 2H H = 102 kcal /mole.  

Thus, f o r  H , c a t a l y s t s  o f  some t y p e  a r e  needed un less  s u f f i c i e n t l y  h i g h  thermal  energy 
can c i r c u m d n t  t h e  endothermic process. 

The convers ion o f  diphenylmethane ( D P K )  i n t o  p roduc ts  i s  p robab ly  due t o  t h e  
presence o f  s u l f u r  i n  t h e  r e a c t i o n  m i x t u r e .  C e r t a i n l y  s u l f u r  promotes t h e  convers ion  o f  
diphenylmethane i n t o  p roduc ts  much more r a p i d l y  than  H S does (Tab le  4 ) .  
causes 1 i t t l e  conve rs ion  o f  diphenylmethane. The reac$ ion  o f  S w i t h  diphenylmethane' is 
r a p i d  (Tab le  5 )  and t h e  p roduc t  d i s t r i b u t i o n  changes w i t h  t ime .  
a long  with s u l f u r  enhances t h e  f o r m a t i o n  o f  t o l u e n e  and th iopheno l  and reduces t h e  y i e l d  
o f  l a r g e  molecule p roduc ts  and convers ion  (Tab le  6 ) .  
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Reducing gases 

H2(750 p s i g ) ,  H20 
H2S(40 p s i g ) ,  H20 

H2S(80 p s i g ) ,  H20 
H2S(120 p s i g ) ,  H20 
H2S(160 p s i g ) ,  H20 

tl2S(20O p s i g ) ,  H20 

H2S(240 p s i g ) ,  H20 
H2S(40 p s i g )  
H2(750 p s i g )  

TABLE 1 
a 

RECUCTION OF BIBENZYL WITH HYDROGEN SULFIDE 

PhH - PhCH3 PhC& -2-3 Ph CHCH ~ PhCHCHPh 

18.1% 21.3% 17.9% 1% 1% 
0.9 31.8 0 7.6 13.6 

5.5 68.3 0 0 0 
8.5 84.3 0 0 0 

7.1 63.9 0 0 0 

4 . 1  68.4 0 0 0 
2.9 64.3 0 0 0 
0.4 10.8 0 7.2 17.3 

11.0 14.2 14.5 5.1 0 

Conversion 

58.3% 
53.9 

73.8 
92.8 
71.0 

72.5 

67.7. 

35.7 
44.8 

aWeight percent  y i e l d ;  2.75 g b i b e n z y l ,  A r  added t o  1500 p s i g ,  r e a c t i o n s  done i n  a 
250-1111 H a s t e l l o y  C r o c k i n g  a u t o c l a v e  apparatus f o r  2 hours a t  425°C. 
p resen t ,  10.8 nl (0.6 mole)  was used. 

When wa te r  was 

TABLE 2 
a 

REDUCTION OF DIPHENYLMETHANE WITH HYCROGEW SULFIDE 

Reducing gases PhH PhCh3 Thiophenol Conversion 

H2(750 p s i g ) ,  ti20 1.7% 2.7% 0% 4.4% 
H2S(40 p s i g ) ,  H20 0 0 0 0 
H2S(80 p s i g ) ,  H20 T 5.5 6.3 11.8 

H2S(120 p s i g ) ,  H20 T 7.9 5.1 13.0 

H2S(200 p s i g ) ,  H2G T 7.0 5.9 12.9 
H2S(240 ps ig ) ,  H20 T 6.6 4 .1  10.7 

aWeight percent  y i e l d s ;  2.75 g diphenylmethane, A r  added t o  1500 p s i g ,  r e a c t i o n s  done i n  
a 25C-ml H a s t e l l o y  C r o c k i n g  a u t o c l a v e  apparatus f o r  2 hours a t  425°C. 
p resen t ,  10.8 m l  (0.6 mo le )  was used. 

When water  was 
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TABLE 3 

CONVERSION OF DIPHENYL SULFIDE WITH HYDROGEN SULFIDE 

Condi t i o n s a  - PhH PhCH3 PhSH PhC02tJ 

H23 H20 11.1% 2.9% 

H2S. H20 0.6 23.6 

H29 H20, H2S 10.0 15.4 

CO, H20, H2S 8.0 0.5 13.6 1.4 

CO, H20 6.4 0.4% 2.3 7.5% 

A l l  r e a c t i o n s  were run  f o r  32 m inu tes  in .12-ml  au toc laves  a t  450°C. a 

System 
Time, Min 
Conversion, % 

TABLE 4 

Tt l t  PYROLYSIS OF DIPHENYL14ETHANE WITH S AND H2S-Sa 

S u l f u r  ' H2S-Sul furc  
30 30 
49.9 35.8 

Convers ion 

14.0% 
16.6 
24.2 

25.4 
23.5 

_.- 

Benzene 
Toluene 

T h i  ophenol 
Diphenyl  su l  f i d e  
Unknown 
Dibenzothiophene 
Th i  oxanthene 

Triphenylmethane 
9,10-Dihydro-9,10-diphenylartthracene 
Te t rapheny le thy lene  
12?13-Dihydrodinaphtothiophene 
1' ,1' ,l'-Triphenyl-2-phenylethane 
Large molecule p roduc ts  

1.1 
3.9 

6.9 
t r a c e  

0.7 
1.3 
0.2 
0.2 

1.6 
0.3 

35.2 

1.0 
8.0 

9.0 

0.4 

0.7 
0.8 

2.0 
0.4 

t r a c e  

0.4 
t r a c e  
25.2 

aReact ion temperature was 425°C and t h e  y i e l d s  a r e  r e p o r t e d  i n  moles p e r  100 mole o f  
diphenylmethane except  f o r  t h e  l a r g e  molecule p roduc ts  which a r e  r e p o r t e d  i n  we igh t  
percent .  

bThe molar  r a t i o  o f  s u l f u r  t o  diphcnylmetharie was 1 and t h e  r e a c t i o n  was c a r r i e d  o u t  
under an i n i t i a l  charge o f  one atmosphere p ressu re  o f  argon. 

'The molar  r a t i o s  o f  H2S t o  diphenylmethane t o  s u l f u r  was 1:2.5:1. 
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TABLE 5 

THE S-INDUCED PRODUCT DISTRIBUTION ON DIPHENYLMETHANE (DPM) WITH TIMEa 
1 . I  

30 60 120 
48.8 47.5 

Time, min. Ob 
Conversion % 46.9 49.9 

Benzene 
To1 uene 
Thiophenol 
Unknown 
Thiobenzophenone 
Thioxanthene 
T r i p he ny 1 methane 
9-Phenyl f luopene 
9,10-Hydro-9,10-diphenylanthroerie 
Tetraphenyl  e t h y l  ene 
12,13-Di hydrodnaphtothiophene 
1,1,1,2-Tetraphenylethane 

0.4 
0.6 
3.0 
1.2 
0.9 
1.3 
0.5 
0.9 
0.2 
7.6 
1.6 
0.2 

- 
1.1 
3.9 
6.9 

0.7 
1.3 

0.2 
0.4 
1.6 
0.3 

1.3 1.8 
4.2 3.3 
7.3 5.5 

0.9 0.7 
1.6 1.1 

0.3 0.3 

1.5 1.7 
0.3 

aThe r e a c t i o n  temperature was 425°C. The s u l f u r  t o  DPM mo la r  r a t i o  was 2 : l  were c a r r i e d  
o u t  under an i n i t i a l  charge o f  one atmosphere p ressu re  o f  argon. 
r e p o r t e d  i n  moles p e r  100 moles o f  diphenylmethane. 

The y i e l d s  a r e  

bThe heat-up t i m e  was 2 minutes.  

TABLE 6 

THE H2S/S IKGljCED PRODUCT DISTRIBUTION FROM OIPHENYLMETHANE WITH TJMEa 

Time, min 0 15 30 60 120 
DPM Conversion,% 7.8 34.3 35.8 32.9 31.5 
H2S Conversion, % 12.7 21.3 22.9 22.9 22.9 

Time, min 
DPM Conversion,% 
H2S Conversion, % 

0 15 30 60 120 
7.8 34.3 35.8 32.9 31.5 

12.7 21.3 22.9 22.9 22.9 

Benzene 
To1 uene 
Thiophenol 
D i p h e n y l s u l f i d e  
Unknown 
Dibenzothiophene 
Thioxanthene 0.8 
Triphenylmethane 
Te t rapheny le thy lene  0.3 
12 , l ? -D i  hydrodinaphtoth iophene 
Tetraphenylethane t r a c e  
Large molecule p roduc ts  15.0 

0.4 
6.7 
7.5 

t r a c e  
0.7 
0.5 
1.5 
0.2 

t r a c e  

16.7 

- 

1.0 
8.0 
9.0 
0.4 
0.7 
0.8 
2.0 
0.4 

0.4 

16.0 

1.1 1.3 
6.9 6.7 
8 .6  8.2 
0.2 0.4 
0.6 0.6 
0.7 0.7 
1.4 1.2 
0.3 0.2 

t r a c e  t r a c e  

17.5 18.4 

aThe r e a c t i o n  temperature was 425°C. The mo la r  r a t i o  o f  s u l f u r  t o  DPM t o  H2S was 
1:1:2.5. 
molecule p roduc ts  which a r e  r e p o r t e d  i n  we igh t  pe rcen t .  

The y i e l d s  a r e  r e p o r t e d  i n  moles p e r  100 moles cif DPM except  f o r  t h e  l a r g e  
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